It has been recognized recently that the role played by organized cumulus-scale convection is very important in understanding the dynamics of the general circulation of the atmosphere, particularly in the tropics.
Introduction
One of the important subjects entailed in designing a general circulation model of the atmosphere is cloud prediction. There are three main reasons why clouds are important in the large-scale motions of the atmosphere:
1. The latent heat released in clouds provides a major heat source for the atmosphere.
2. Absorption, reflection, and scattering of solar and terrestrial radiation by clouds alter the distribution of heating and cooling in the atmosphere.
3. Large amounts of sensible heat, water vapor, and momentum are transported upward by tall cumulus clouds. These processes stabilize the stratification of the atmosphere.
In the general circulation models of the atmosphere designed by research groups at the U. S. Weather Bureau Manabe et al., 1965) , U.C.L.A. (Mintz, 1965) , and the Lawrence Radiation Laboratory (Leith, 1965) various formulations are used to account for the effects of clouds in the atmosphere. Effect (1) is calculated by predicting a hydrological cycle. Effect (2) is taken into account only by using a climatological distribution of clouds. The prediction of cloud population has not been attempted in any general circulation model of the atmosphere so far proposed. Effect (3) is simulated by various processes called in general "convective adjustment".
The prediction of stratiform clouds which, for example, are associated with the warm fronts of middle latitude cyclones, may be possible by numerical forecasting methods since a large-scale hydrological cycle is predicted reasonably well (e.g., Smagorinsky and Staff Members, 1965) .
The prediction of cumuliform clouds, on the other hand, is notoriously difficult. This is partly due to the fact that the scale of cumulus clouds is small, say on the order of a few kilometers, and partly due to a different mechanism which cumulus type clouds form compared with stratiform clouds. There have been a number of studies concerning the dynamics of an isolated cumulus cloud. If one is interested in the evolution of such clouds, one must use a horizontal mesh size of 100 meters or less as has been done, for example, by Lilly (1962) , Ogura (1963) , and Orville (1965) .
Since current general circulation models use a mesh size on the order of 300 kilometers, it seems hopeless to try to incorporate the calculations of cumulus clouds in such a large-scale forecasting model.
The above situation is not actually as bad as it may sound, simply because it is not necessary to predict the motions of individual convective clouds in the large-scale flows. The problem is then to investigate (1) the effects of an ensemble of convective elements on the large-scale flow, and (2) the influence of large-scale flow on the formation of organized convective elements. Here the large-scale flow is defined as a space average of the total motion, including convective elements. Locally averaged large-scale equations
We shall define the following space averaging operator, denoted by a bar, which is applied to a variable A 1 A = ---S A dxdy (2.1) Ax Ay R over the domain R with the sides of the grid length Ax and Ay in cartesian coordinates x and y directed eastward and northward, respectively. The deviation of A from A is denoted by A", namely
We shall also define a density weighted mean, which was introduced by
Hesselberg (see Eliassen and Kleinschmidt, 1957) . It is defined by
where A' denotes the deviation of A from A.
If we apply the averaging operators (2.1) and (2.3) to the equations for the large-scale dynamics of the atmosphere, we obtain
These equations are presented here not because the details are particularly relevant to the discussion, but because they reveal general features of (2.5) (2.6) (2.7) (2.8)
where M is the condensation rate, and the other symbols have their usual meanings. The terms enclosed by boxes on the right-hand sides of (2.4)-(2.8)
contain the effects of subgrid-scale motions, and there is no obvious way to evaluate these terms. In short-range forecasting models, these terms are often neglected completely and the system of equations becomes complete in the sense that there are the same number of unknowns as of equations.
In dealing with the general circulation problem, it is important to include the nonadiabatic heating term Q and the transports of momentum, heat, and moisture due to subgrid-scale motions. In the following discussion we present the evaluation of the "correlation" terms enclosed by boxes in (2.4)-(2.8), assuming that deviations denoted by primes here are due solely to the presence of tall cumulus clouds. Thompson (1966) has obtained a similar system of equations which applies to variables that have been averaged with respect to time.
Evaluation of the "correlation" terms
We assume that the cumulus clouds under consideration have the following properties:
1. Each cloud is cylindrical in shape and consists of an inner column, where air is rising, with radius a.
2.
Each cloud is surrounded by an annular column, where air is descending, with radius b, as shown on the left in Fig. 1 . Therefore, the effective terms on the right-hand side of (2.4) are only a(pu'u')/6x and 6(pv'v')/Iy. This means that the magnitude of the vertical flux divergence of the -4
vertical momentum due to convection is 10 times smaller than that of the acceleration due to gravity g. It has been shown by scale analyses that the vertical acceleration term [the first term of (2.5)] is several orders of magnitude smaller than g (Charney, 1948 ). Thus we can justify the use of the hydrostatic approximation g + a ap/Bz = 0 for the motion of large-scale flow.
Next let us consider the horizontal and vertical flux divergences of potential temperature and mixing ratio due to convection. It can be shown that p\V''and p\V'q' vanish in the same manner that p\V'w' vanishes.
Thus the horizontal flux divergence terms in the boxes of Eqs. (2.7) and (2.8) can be neglected. The vertical divergence terms, however, are important for the following reason. As in (3.2), we use the approximation is tropical cyclones in which the latent heat of condensation released in "hot towers" of tall cumulus clouds is a major heat source to drive furious winds (Riehl and Malkus, 1961) . In tropical cyclones, such "hot towers" are continuously created by moisture due to evaporation from the underlying ocean surface and due to transport by large-scale air flow in the earth's boundary layer.
The magnitude of the vertical transport of sensible heat [the third term (denoted by III) on the right-hand side of (2.7)] may be estimated 2. Effect of the environmental synoptic conditions -as an influencing factor for the development of cumulus clouds.
More specifically, the model has the following characteristics (see Fig. 2 ):
1. Two concentric air columns for updraft and downdraft. These two columns are surrounded by the environmental atmosphere.
2. Interactions between the inside and outside columns are considered through the buoyant force which depends on temperature differences between the ascending and descending air. Interactions also take place between the outside column and the environmental atmosphere.
3. Entrainment and turbulent mixing through the lateral boundary between inside and outside cells are considered.
4. The radius "a" of the inner column and "b" of the outer column are assumed independent of height. The ratio a = a/b will be 2 an important parameter. a denotes the ratio of the updraft area to the whole area. When clouds are distributed regularly 2 as shown in Fig. 1, a represents 
Mb
The reason the element wb is missing in the vector Vb* and there is no equation corresponding to awb/5t is that wb can be obtained from the mass continuity equation with the inner air and the detrained inner air mixes with the outer air.
The third terms on the right-hand side of (4.5) and (4.8) represent the turbulent mixing of momentum, heat, etc. They are derived by applying the exchange hypothesis to the lateral eddy fluxes of the transport quantities w, 0, q, and m. In these equations, v denotes the kinematic eddy exchange coefficient, assumed to be the same for all the transport quantities. In the following discussion, we further assume that v is proportional to law/arl across the lateral boundary of the cloud (Kuo, 1962) , As stated in Section 4, the problem is (1) to find a relationship between the ratio of the cloud area and the associated cloudless area 2 (denoted by a ) and the large-scale environmental conditions, and (2) to determine the structure of the cloud. For given environmental conditions and prescribed values of the radius of cloud a and the mixing coefficient a together with given initial perturbations to start motions, we obtain a set of solutions of Eqs. (4.5)-(4.10). Thus, the question here is how to select a particular value of a from this set of solutions.
The selection rule is based on an assumption that the cloud system forms in such a way as to transport sensible heat upward most efficiently.
The total heat transport HT of a unit horizontal area of the whole system during a time T from the start is
The above selection rule is by no means a unique one and we can as well take another principle, that being that the cloud system forms in such a way as to produce kinetic energy most efficiently. The total kinetic energy E of a unit horizontal area of the whole system produced during a time T from the start is
We will adopt the above two principles as the selection rule for the preferred mode of convection.
Environmental and initial conditions
In order to obtain solutions to Eqs. (4.5)-(4.10), we choose the following environmental conditions:
where R (z) is the distribution of relative humidity, T(o) = 25 0 C,
The distributions of p, 0, q , and q are computed from 
Results of numerical computations
First we discuss the dependence of cloud development on the parameters a and a, but setting w = 0, i.e., no environmental vertical motion. This case has been discussed by Asai and Kasahara (1966) . In though the large-scale vertical motion is descending, the cloud can still form, although its intensity is weak. It is obvious that the descending large-scale motion discourages cloud formation.
Remarks
The above results are based on the environmental temperature and humidity distributions as prescribed by (6.1). The thermal stratification of this atmosphere is conditionally unstable below the level of about 5.5 km and stable above that level. This thermal stratification is more or less close to that observed in a mean tropical atmosphere during the summer season (Jordan, 1958) . For this atmosphere, we found that the cloud coverage a2 is on the order of 0.05. Malkus, Ronne, and Chaffee (1961) , in a photogrammetric study of the distribution of cumulus clouds in a hurricane, found that the cumulonimbus coverage in the central part of the hurricane is several percent. This may be interpreted to mean that cumulus clouds are formed in hurricanes to carry heat upward at the most efficient rate.
Although we have not carried out similar computations for different environmental temperature and humidity distributions, it is not difficult to imagine that the development of clouds may also be dependent upon the thermal stratification and moisture distribution in the atmosphere.
However, in a survey article by Malkus (1960) , it is stated: "Cumulonimbi and significant precipitation were confined entirely to synoptic disturbances and within these developed in not a random but highly organized fashion, generally in rows parallel to the low-layer wind. . .
In all cases where such clouds were found, the lapse rate was generally very close to moist adiabatic and far less unstable than prevailing under normal trade-wind conditions . . .Nor does moisture distribution provide the whole key to the difference in convection. A previous cumulonimbus study showed that spectacular cumulonimbi can grow even in the face of a relatively dry atmosphere above 3 km. The Pacific work confirmed this and suggested that the presence and degree of synoptic-scale convergence was the critical factor."
We now come back to the problem posed in Section 2, namely the evaluation of the correlation terms in the equations of large-scale dynamics, assuming that the deviations denoted by primes are due solely to the presence of convective clouds so far discussed. Here we outline the procedure:
1. We first compute the structure of the cloud and determine the 2 cloud coverage a by using the cloud model for the environmental temperature, A A A humidity and the vertical motion given by T, q, and w of the large-scale motion fields discussed in Section 2.
2. The correlation terms such as pu'u', pw'8', pw'q', etc., are computed as described in Section 3.
A remark should be made on the selection of values of the cloud radius a. Here the reason why the size of the cloud a remained a free parameter is based on the assumption that the use of the horizontal equation is unimportant. As one sees from the system of equations (4.1), once w is determined, then u can be evaluated from (4.3). Introduction of the equation of motion for u is not needed for this formulation. This formulation, as a matter of fact, is customarily employed in plume and -31-bubble models of cumulus clouds. This assumption, however, becomes invalid when the horizontal scale of convection becomes large compared to its vertical scale. Asai (1966) has studied this problem and extended the model by Asai and Kasahara (1966) by including the equation of motion for u and the associated dynamic pressure field. It was found that it is possible to determine a preferred size of the cloud as well as the 2 preferred cloud coverage a by again employing the selection rules discussed in Section 5. Thus, the free parameter a can be eliminated. The cumulus cloud model developed by Asai and Kasahara (1966) . The cumulus cloud model developed by Asai and Kasahara (1966) .
